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Abstract 
 
Recent interest has been shown in the use of waste vegetable oil as a fuel for diesel engines. Typically 
only the “home mechanic” studies this and therefore very little academic research has been conducted on 
the topic. This study tests the effects of the quality of the used oil and the temperature at which it is 
injected on the performance of a single-cylinder diesel engine. The pre-injection temperature of the oil 
had a small effect on power output. No correlation could be made between the quality of the oil and the 
engines performance.
  III 
 
Objectives 
This project experimentally determined if there was a correlation between different samples of 
waste vegetable oil and their effect on engine performance. We determined that there is a correlation 
between the temperature of the waste vegetable oil at injection and any effects on engine performance. 
We classified our oil samples in such a manner that were able to develop a correlation between oil type 
and power output. This project aimed to provide a scholarly approach to an area of study that is typically 
studied in a non-academic environment. 
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1. Introduction 
For years the world has been in search of alternative methods to produce clean, renewable energy. 
From both an economic and environmental standpoint, alternative fuels are a necessity. Since 2001, the 
national average price of gasoline has risen by as much as $2.20 per gallon (MSNBC, 2007). Similarly, 
since 1979 carbon dioxide emissions have risen 70% (Enviornmental Defense Organization, 30). With the 
rising gas and oil prices and a lack of commercially available alternative energy, the search for alternative 
fuels has entered the home.  
In recent years, the concept of waste vegetable oil (WVO) conversions for diesel cars has become 
more prevalent among consumers. Over three billion gallons of waste vegetable oil are drained from 
fryers in restaurants across the world each year. While this is not nearly enough oil to support the world’s 
growing energy need, it has the ability to offset the foreign oil dependency of the United States by as 
much as 3,700,000 gallons per year or 1% (Ramadhas, 2004). Although this does not make it an attractive 
candidate for big businesses, it has found its way to the individual consumer, encouraging change on an 
individual level. Despite a rise in interest among the general public, there is an apparent lack of 
investment in research of this concept by the fuel industry. This has resulted in a ‘do-it-yourself’ culture 
and a lack of scholarly data on the effects of using WVO as a fuel in diesel engines.  
This project took an academic approach to studying the use of waste vegetable oil as fuel in four 
stroke diesel engines. Using a diesel engine coupled with a dynamometer and data acquisition system, we 
tested power output of WVO as a function of oil temperature and compared the power output between 
WVO samples. This research provided practical, scholarly information on the use of vegetable oil as a 
substitution for diesel fuel. 
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2. Background 
2.1 Diesel Engine 
In order to understand the use of waste vegetable oil (WVO) as a fuel, the workings of a diesel 
engine must first be understood. Rudolph Diesel developed the diesel engine in 1893 as a response to the 
high resource consumption rate and inefficiency of the engines of his day (Wilson, 1965). The most 
common engine was the steam engine, which had a thermodynamic efficiency of 12%. In 1897, the first 
affordable diesel engine suitable for everyday use was developed. It ran at an efficiency of 30%, more 
than double that of the steam engine (Fuels.org, 2007), and today’s version ideally runs at an efficiency of 
56% (GSU, 2007). Diesel originally designed his engine to be fueled by peanut oil, in hopes that it would 
produce affordable energy for smaller industries and farmers (Ybiofuels). 
2.2 Vegetable oil as fuel 
 
Diesel’s strong belief in renewable and affordable energy made him an advocate for the use of 
vegetable oil as fuel (Pahl, 2005). In 1912 he stated, 
“The use of vegetable oils as engine fuels may seem 
insignificant today but such oils may become, in 
the course of time, as important as petroleum and the 
coal‐tar products of the present time.” 
 
Early on, peanut oil, hemp oil, corn oil, and tallow were most often used to power these engines. 
In the 1920’s, optimization for diesel engines began. Petroleum was preferred because this “low grade” 
fuel produced by the oil companies in the United States was cheaper than vegetable oil (Ybiofuels). By 
the 1940’s, most diesel engines had been modified to run on petroleum-based fuel. These engines are now 
referred to as #2 diesel engines. Although most of the world now ran on petroleum-based fuel there were 
still some instances of the use of vegetable oil. During the petroleum-fuel shortages in World War II, 
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many nations including Brazil, Argentina, China, and Japan, used vegetable-based fuel. Once the war 
ended these countries returned to petroleum based diesel (Pahl, 2005). 
Beginning in the 1970’s with the formation of the Organization of Petroleum Exporting Countries 
(OPEC), and instances of political unrest in oil exporting countries, the cost of oil almost doubled within 
the United States (Pahl, 2005). This surge in price caused a recurrence of interest in the use of vegetable 
oil as fuel. Studies on this topic had not been researched since WWII. 
  The two most famous studies on the use of vegetable oil as a fuel were conducted in Idaho and 
Austria. Dr. Charles Peterson of the University of Idaho was one of the first to run tests using a sunflower 
oil/diesel mixture in a tractor engine. Though his initial tests looked promising for the use of vegetable 
oil, experiments a year later using straight safflower oil destroyed the test engine. It was determined that 
the oil had to be modified in order to be compatible with modern diesel engines. This began the 
University of Idaho’s biodiesel research program (Pahl, 2005). 
  In 1978, the Austrian Federal Institute for Agricultural Engineering (BLT) began experimenting 
with a linseed/petroleum based fuel. This study concluded that the viscosity of the vegetable oil was too 
high, which causes a buildup of deposits in the engine, eventually leading to considerable damage (Pahl, 
2005). As a result of a concurrent experiment conducted in South Africa using a sunflower oil methyl 
ester, or biodiesel, BLT decided this was the best route to pursue for the study of vegetable oil based fuel. 
 Shortly after the BLT’s decision, Professor Martin Mittlebach, an organic chemist, began 
experiments using biodiesel produced from rapeseed oil. The goal of these experiments was to make the 
production of biodiesel simpler and less expensive. After extensive testing, the use of rapeseed oil 
biodiesel as fuel in tractors yielded no signs of excessive engine wear. These findings were published in 
1982 (Pahl, 2005).  
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2.3 Waste Vegetable Oil Engine Conversion 
 
Recent research has found that it is possible to use straight vegetable (SVO) as fuel. In order to 
run a diesel engine on SVO, some modifications must be made to the engine’s fuel system. The most 
common type is a two-tank system like the one shown in Figure 1. In this system, as seen in Figure 2, the 
original tank is kept in the vehicle to store diesel fuel, while a second tank is installed to hold vegetable 
oil. A pair of solenoids is installed to switch between diesel fuel and vegetable oil. Heat exchangers 
transfer the heat from the engine’s coolant system to the vegetable oil in order to lower its viscosity. In 
this design, the car is started using regular diesel fuel and is run until the engine and vegetable oil have 
heated up. Upon reaching temperature, the fuel supply is switched to draw from the vegetable oil tank 
causing the engine to run entirely on oil. Before stopping the engine, the fuel supply is switched back to 
diesel in order to clear the lines of vegetable oil. This prevents hard starting of a cold engine due to 
congealed vegetable oil. 
 
Figure 1 - WVO Conversion Kit (Firehouse Grease Conversions) 
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Figure 2 - Double Tank Conversion (GreaseCar.com) 
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2.4 The Diesel Cycle 
The four-stroke diesel engine is a compression ignition engine. The PV diagram for this cycle is presented 
in Figure 3. During the first stroke, air is drawn into the cylinder either through forced induction or natural 
aspiration. When the piston reaches the bottom of the cylinder, the intake valve closes and the air is 
compressed adiabatically as the piston moves back to the top (a to b). This compression ratio is typically 
between 12:1 and 20:1 (GSU, 2007). At the end of the compression stroke, the fuel is injected into the 
cylinder where it is ignited by the heated air. The combustion gasses expand adiabatically forcing the 
piston back the bottom of the cylinder (b to c). The linear motion of the piston during the power stroke is 
transferred into the rotational motion of the crankshaft. During the exhaust stroke (d to a), the exhaust 
valve opens allowing the piston to force the hot gasses out of the cylinder (GSU, 2007).  
 
 
Figure 3 - PV Diagram for the Diesel Cycle (GSU, 2007) 
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Figure 4 - Entropy Diagram fro Ideal Diesel Cycle (GSU, 2007) 
 
The equation for efficiency of an idealized diesel cycle with an adiabatic process is shown in Equation 1. 
Diesel engines have been used extensively because they are more efficient than gasoline engines of the 
same power. 
Equation 1 - Efficiency Equation 
 
Higher compression ratios increase efficiency in the diesel engine, limited only by the strength of 
the engine components. Engines are generally compared to the Carnot cycle, an idealized 100% 
efficient heat cycle. The Carnot cycle is most often associated with the hypothetical Carnot 
engine, which is an idealized thermodynamically reversible process. The cycle is shown in Figure 
5. 
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Figure 5 - Carnot Cycle 
 
The thermodynamic efficiency of the diesel cycle as compared to the Carnot cycle can be seen in Figure 6 
(Baumeister). 
 
 
Figure 6 - Efficiency of the Diesel Cycle 
2.5 Combustion 
Combustion is the exothermic reaction between a combustant and oxidant. The diesel engine is an internal 
combustion engine, which uses the diesel cycle for operation.  
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2.6 Heat of Combustion 
The heat of combustion of a compound describes the amount of energy released as heat when a 
compound undergoes complete combustion with oxygen. Heat of combustion is measured in energy per 
unit mass, typically joules per gram or calories per gram. One calorie is the energy required to increase 1g 
of water by 1°C, 1 joule = 0.2388 calories. Similarly, energy density is the amount of energy per unit 
volume of a substance. Heat of combustion and energy density values for common fuels are shown in 
Table 1. 
Table 1 - Heat of Combustion Values (Anastasios Argeros, 1998) 
Substance Heat of combustion (KJ/g) Density (g/cc) Energy Density (KJ/cc) 
Gasoline 47 0.73 34.3 
Diesel 45 0.85 38.25 
Biodiesel 41.2 0.88 36.25 
Olive Oil 38.8 0.92 35.7 
Canola Oil 38.5 0.92 35.4 
Soybean Oil 38.4 0.92 35.3 
 
Diesel fuel has a lower heat of combustion than gasoline. However, due to its higher density it has more 
energy per unit volume. Virgin vegetable oils have a much lower heat of combustion, but a higher density 
than diesel, resulting in a comparable energy density to gasoline.  
2.7 Power Output 
The efficiency of a heat engine relates how much useful power is output for a given amount of heat 
energy input. Using the heat of combustion value for a given fuel, the average mass flow rate into the 
engine and the engine’s efficiency, the theoretical power output for a fuel can be calculated using 
Equation 2. 
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Equation 2 
η * ΔH * = (‐dW) 
η= Efficiency 
ΔH= Heat of combustion 
= Mass flow rate 
dW= Work extracted from the engine 
2.8 Vegetable Oil 
Vegetable oil is classified as triacylglycerol (TAG), more commonly known as a triglyceride. Each 
molecule is composed of three fatty acid chains bonded to a molecule of glycerin forming triglyceride as 
seen in Figure 7. Glycerin or glycerol makes up approximately 20% of most oils and has a relatively high 
viscosity.  
 
Figure 7 - Triglyceride (Shakhashiri, 2006) 
 
Vegetable oil is either hydrogenated or un-hydrogenated. Hydrogenation is a chemical process in which 
hydrogen is added to the natural fat of the oil by exposing it to metal catalysts in a hydrogen rich 
environment. This process reduces the amount of double bonds in the triglyceride molecule, which 
decreases the possibility of the oil becoming rancid. However, hydrogenation makes the oil more viscous 
at room temperature and more difficult to use as a fuel. 
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When oil is used in the food service industry, it is heat cycled many times before it is discarded. 
The heat of the cooking oil causes the steam released from the food to react with the oil in a process 
called hydrogenation, shown in Figure 8. During hydrogenation, the triglycerides are broken up into 
glycerol and free fatty acids. Therefore, the level of free fatty acids in an oil sample is an indicator of how 
much the oil has been used. The level of FFAs in waste oil is typically on the order of 10-15% (M. 
Cranakci, 2001). Rendering companies place the oil in one of two categories, yellow and brown. Yellow 
waste vegetable oil has less that 15% FFAs, while Brown waste vegetable oil has over 15% FFAs (M. 
Cranakci, 2001). 
 
Figure 8 - Hydrolysis of a Triglyceride (Shakhashiri, 2006) 
Another effect of heat cycling is polymerization of the oil. The polymerization process results in plastic 
like solids that can cause deposits to form on engine components. The iodine value (IV) of oil is an 
indicator of how readily the oil will polymerize. Table 2 shows iodine values of common vegetable oils. 
Higher iodine values signify a higher ability to polymerize. Since soybean oil has an IV of over 100, it is 
important that engines running on soybean oil are regularly maintained. The Iodine value of oil is reduced 
by hydrogenation, which breaks the double bonds causing the oil to become more saturated. This increase 
in saturation reduces the tendency of the oil to polymerize (Calais & Clark, 2006). 
  12 
 
Table 2 - Iodine Values of Common Vegetable Oils (Calais & Clark, 2006) 
Oil Iodine Value 
Coconut oil 10 
Palm oil 54 
Olive oil 81 
Peanut oil 93 
Rapeseed oil 98 
Sunflower oil 125 
Soybean oil 130 
 
2.9 Engine Diagnostics and Instrumentation 
In order to evaluate the performance of an engine one must be able to monitor and/or control 
several engine variables including engine speed, fuel/air flow rate, torque and various temperatures at 
different stages in the engine. With the correct array of sensors and instruments, it is possible to collect all 
of the data necessary to evaluate power output, fuel consumption and efficiency along with many other 
parameters that will help characterize the engine’s performance. The following section will discuss each 
instrument in the test apparatus. 
2.9.1 Dynamometer 
A dynamometer is a device which measures torque from a rotating shaft, typically that of an engine or 
electric motor. It works by resisting the motion of the turning shaft and measuring the resulting torque. 
Two measurements are necessary to make the required power calculation: shaft speed and turning force, 
or torque. The speed of the shaft is measured using a tachometer, while a load cell placed between the 
free moving housing of the dynamometer and a stationary housing measures the torque. Torque is 
calculated by multiplying the measured force by the radius arm of the free moving housing 
Using the measurements taken from the dynamometer and Equation 3, it is possible to calculate the 
power output of the engine. 
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Equation 3 - Power Output 
hp=torque(lbft) * rpm/5252 
kW=torque(Nm) * rpm/954 
There are two basic types of dynamometers: transmission and absorption. A transmission dynamometer 
works by resisting the motion of the shaft, while measuring its elastic twist. An absorption dynamometer 
works by absorbing the power of the engine and dissipating it through some form of mechanical break. 
Common types of brakes include friction, water or electromagnetic force breaks. 
There are three different methods for steady state testing with a dynamometer: constant speed, constant 
torque and constant throttle. Constant speed testing works by measuring the amount of throttle needed to 
keep the engine speed constant. When using a water break dynamometer, one must perform this test by 
increasing the flow rate of water through the break while maintaining the desired engine speed by 
adjusting the throttle. When an electromagnetic dynamometer is used, this can be performed 
automatically using circuitry, while a water brake must be adjusted manually. When using the constant 
torque method, the torque is kept constant while the engine speed is varied. Constant throttle testing 
requires that the engine’s throttle be initially opened all of the way. The torque is then reduced, resulting 
in an increased speed. The constant throttle method can produce a full power and torque curve for an 
engine. 
Before testing an engine at maximum power, it is important to verify that the dynamometer is correctly 
sized for the engine. The range in which a dynamometer can effectively work is called the operating 
envelope. This shows all possible combinations of engine power and speed that the dynamometer is 
capable of resisting. Figure 9 shows the operating envelope of the water brake used in this project. 
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Figure 9 - Operating Envelope (Stuska) 
 
 
The dynamometer used in this project is an absorption dynamometer using a water break made by Stuska 
Dyno. Figure 10 depicts the XS-19 model water break, which can handle up to 200 hp at 12,000 rpm 
(Stuska). 
 
Figure 10- Stuska XS-19 Water Break (Stuska) 
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2.9.2 Air Flow Measurement 
An important instrument for engine analysis is a mass air flow meter. Air mass flow rate can be used in 
the calculation of the volumetric efficiency, air/fuel ratio supplied to the engine and the amount of 
exhaust gas recirculation. There are two kinds of air flow rate measurements: instantaneous and quasi-
steady state. Mass airflow rate into the cylinder is highly unsteady. It increases to a maximum and 
decreases to zero with each cylinder cycle. Measuring the change in the intake manifold over several 
milliseconds will result in a cyclical graph of increasing and decreasing air flow and is referred to as 
“instantaneous” air flow. Measuring instantaneous airflow is difficult because it requires specialized 
instruments with fast response time and very accurate measurements. Measuring the net airflow over a 
period of time is referred to as “quasi-steady” airflow. Quasi-steady airflow is simpler to measure because 
the time interval over which it is measured is much larger.  
There are two common types of mass airflow sensors: hot wire sensors and flapper sensors. Flapper 
sensors output a voltage that corresponds to the amount of deflection induced on a pivoting plate by the 
air stream. Flapper sensors can accurately measure the velocity of the air stream, but cannot directly 
measure the volume without additional sensors for pressure and temperature. Unlike the flapper sensor, a 
hot-wire sensor directly measures the flow of mass. It works on the principles of electrical resistance. An 
induced current heats a wire, which is suspended in the air stream. As the mass flow increases, the wire is 
cooled, affecting a decrease in resistance. Due to the lowered resistance, more current flows through the 
wire, heating it until equilibrium is reached. Circuitry outputs a voltage that corresponds to the amount of 
current required to maintain equilibrium, which is directly related to the mass airflow. A hot wire sensor 
is affected by air density in addition to flow. Changes in pressure and temperature affect air density; 
therefore additional sensors for temperature and pressure are not required. 
2.9.3 Fuel Consumption Measurement 
Fuel consumption is another important parameter affecting engine performance.  One of the most 
common methods for measuring the fuel flow rate utilizes a burette, a graduated glass tube. The burette is 
filled with fuel and the time that it takes for the engine to consume this fuel is recorded. It is then possible 
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to calculate the volume of fuel that is consumed over a period of time. Diesel engines have a line that 
returns unused fuel from the pump and injectors. This returned fuel must be taken into account when 
measuring the fuel consumption rate. 
2.9.4 Exhaust Gas Analysis 
There are a variety of reasons to analyze the exhaust gas from an engine, including legislative reasons 
(emissions), calculation of the airflow and observation of the engine’s performance. One can measure 
exhaust gas temperature (EGT), CO, CO2, NO, and NOx, as well as the quantity of unburned 
hydrocarbons. 
2.9.5 Atmospheric effects 
Engine performance is affected by varying ambient conditions. Air temperature, relative humidity, 
barometric pressure and altitude affect air density, which in turn affect the amount of oxygen entering the 
engine. In order to maintain consistency between runs, these conditions must be accounted for using the 
engine correction factor. Equation 4 adjusts the power of the engine to the standard conditions set forth by 
the Society of Automotive Engineers in standard SAEJ1349. The referenced conditions are 29.234 inches 
of Mercury, 77 degrees Fahrenheit and 0% relative humidity. 
Equation 4- Atmospheric Correction Factor 
 
2.10 Oil Classification 
Depending on the extent and manner in which vegetable oil is used before it is discarded, it can have 
different characteristics, including increased particulate matter, free fatty acids and varying color. It is 
important to categorize each fuel in order to compare these characteristics with the measured power 
output.  
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2.10.1 Turbidity 
In water treatment, clarity of water is paramount in sources that will be used for human consumption. One 
method for testing the clarity of water is through a turbidity test. Turbidity is an expression of the optical 
property that causes light to be scattered and absorbed rather than transmitted with no change in direction 
or flux level through the sample (Standard Methods). The standard instrument for measuring low values 
of turbidity is the Nephelometric Turbidimeter, characterized by scattered light detectors located 90 
degrees from the incident beam. Results are given in Nephelometric Turbidity units (NTU). Because 
turbidity tests the amount of light that is scattered or absorbed in a sample, dark samples of oil should 
absorb or scatter more light than lighter samples. 
2.10.2 Free Fatty Acid Level­ AOCS Ca 5a­40 
Using a standard test “Ca 5a-40” from the American Oil Chemists Society (AOCS) one can measure the 
amount free fatty acids in each filtered sample. The level of free fatty acids increase as the oil is used 
more. We can hypothesize that samples with a higher level of free fatty acids will produce a lower power 
output from our test engine. 
2.10.3 Spectrophotometer 
A spectrophotometer provides a quantitative study of the electromagnetic spectra. It returns a measure of 
opacity as a function the amount of light absorbed by the sample at various wavelengths. Absorbency is 
plotted as a function of wavelength. 
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3. Investigation 
Differences in engine performance due to varying oil temperature and spectrophotometry values were 
obtained. Six runs of the engine were conducted using the sample BMR01 at 80, 100, 120, 140, 160, 180 
and 200 degrees Fahrenheit. After the test, one outlier at each extreme was discarded. Similarly, six runs 
of each of the seven oil samples were conducted at 150 degrees Fahrenheit. Again, the two outliers were 
discarded. To conduct this research, several systems had to be realized. The original design is shown in 
Appendix B. 
3.1 Dynamometer and Data Acquisition 
The engine used was a single cylinder 10 hp industrial diesel engine of almost identical design to the 
Yanmar L100V. See Appendix C for more specifications. Due to its simplicity, this engine was ideal for 
our tests. The engine was coupled to a Stuska XS-19 water brake through a Lovejoy isolation coupling. 
Construction of the dynamometer is shown in Figure 11. 
 
Figure 11 - Construction of the Dynamometer 
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A load cell was used in conjunction with a strain gauge amplifier to measure the torque produced by the 
engine. A Hall-effect sensor was used to sense the speed of the engine. In order to monitor the mass 
airflow into the engine, we inserted a hotwire sensor from a Nissan Pulsar into a manifold installed 
between the air filter and the engine. The voltages output by these sensors were recorded using a data 
Acquisition system. See Appendix C for calibration data and specifications of the equipment.  
 
Figure 12- Repair of a Thermocouple Amplifier 
 
In addition to the parameters being recorded by the DAQ system, we wanted to be able to monitor the 
temperature at various points on the engine. These included head temperature, fuel temperature both 
before and after injection and exhaust gas temperature. This was accomplished using four thermocouples 
and amplifiers. In order to get an accurate reading of EGT, we designed a custom probe, as seen in Figure 
13, to be inserted into the exhaust manifold, the design of which can be seen in Appendix C. The outputs 
from the thermocouples were directed through a rotary selection switch to a voltmeter for readout. The 
voltage readout in millivolts corresponds to the temperature in degrees Fahrenheit. 
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Figure 13 - EGT Machining and Probe 
Careful control of the amount of water in the bake was critical for obtaining repeatable results. In addition 
to controlling the water level, the flow rate had to be set so that the temperature of the water would not 
exceed 160 degrees Fahrenheit, the temperature limitation set by the manufacturer. The incoming flow 
rate was controlled by a set of needle valves, while changing a fixed orifice modified the outgoing flow. 
See Appendix D for the sizing of the orifice. The water supply in the shop had to be run through a system 
of needle valves to allow fine control of the water delivery. One valve was set to allow just a small 
amount of water to flow to the brake. This was necessary to keep the water level low, applying a small 
load to the engine while it was warming up or idling. Parallel to this, a second needle valve was installed 
inline with a ball valve. To load the engine, the ball valve was opened, allowing an increased water flow 
into the brake. This resulted in a repeatable loading pattern, reaching full load in approximately 30 
seconds. 
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Figure 14- Dynamometer 
3.2 Fuel Control System 
The fuel consumption of our engine was measured using a graduated burette. All of the fuel consumed 
during the testing was introduced to the engine through the burette depicted in Figure 15. Vinyl tubing 
insulated the burette, minimizing heat transfer. The temperature of the oil was maintained using a 300W 
hot plate and a thermometer. Three full burettes of vegetable oil were run into the engine before recording 
any data to ensure that there was no residual diesel fuel affecting our results. This also tempered the 
burette ensuring minimal heat loss. Heat transfer calculations for the burette are shown in Appendix E. 
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Figure 15 - Pouring Fuel in Burette 
 
3.3 Oil Sample Collection 
The team collected waste vegetable oil by a convenience sample of local Worcester restaurants and 
establishments. On September 12, 2007, we traveled to four locations where we collected six WVO 
samples. The samples were collected and stored in the manufacturer’s original five-gallon containers. 
3.4 Oil Filtration 
Each Oil sample was gravity filtered through three Sock filters: nominally sized at ten, five and one 
microns.  The filtration apparatus consisted of a funnel and a three-inch diameter PVC pipe with a sock 
filter affixed to one end as seen in Figure 16. After each stage of filtration, an oil sample was taken.  The 
procedure for oil filtration was as follows: 
1. Attach clean filter to the PVC pipe with zip ties and Duct Tape. 
2. Place a clean five-gallon bucket below the filter. 
3. Pour the five-gallon oil container through funnel into the top of the pipe. 
4. Thoroughly clean out the five-gallon oil container and funnel. 
5. Wait until the filtration has slowed to a slow drip. 
6. Collect the filtered oil sample in a small glass container. 
7. Pour the filtered oil through clean funnel into the clean five-gallon oil container. 
8. Detach and throw away the used filter. 
9. Thoroughly clean the PVC pipe and funnel. 
10. Repeat the process until all the samples have been filtered to one-micron. 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Figure 16 - Filtering Apparatus 
 
3.5 Oil Classification 
We classified the oil by several categories: color, spectrophotometer analysis, and density. 
3.5.1 Density 
The procedure for measuring density was as follows: 
1. Turn on the scale. 
2. Place an empty 200ml beaker on the scale. 
3. Zero the scale. 
4. Fill the beaker to the 200ml line with the oil. 
5. Record the value displayed on the digital readout. 
6. To calculate the density, divide the mass by the volume measured. 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Figure 17- Density Calculation 
 
3.5.2 Color 
The oil samples were placed in color order from lightest to darkest. Each sample was placed in a clear 
plastic container, and arranged in front of a white surface until each sample was darker than the one to its 
left. 
3.5.3 Spectrophotometer Analysis 
Spectrophotometer analysis was then performed to in order to verify our visually determined color 
gradient. A spectrophotometer measures how much light and which wavelengths pass through the sample. 
Each of seven the samples were put through spectrophotometer testing. This measured the amount of light 
absorbed by each of our samples in order to provide qualitative manner of measuring opacity.  
3.5.4 Particulate Matter­ Centrifuge 
The samples obtained during each stage of filtration were put into a centrifuge and spun at 4000rpm and 
6000rpm for 20 min each, separating any remaining particulate matter from the oil. With a sample taken 
before and after each of the three filtration stages, it is possible to make a qualitative profile of the 
particulate matter in four particle size ranges. Using a centrifuge to separate the residual particles after 
filtering, we can estimate the volume of particulate matter that was separated from the sample. We can 
  25 
make a comparison of the amount of particulate matter in the original sample, to the final power output 
from the fuel. 
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3.6 Engine Run Test Procedure 
The following procedure was used to obtain data for our engine test runs: 
1. Turn on the thermocouples, power supplies, water supply and ventilation and open the window. 
2. Start heating the vegetable oil. 
3. Note the atmospheric conditions (temperature, relative humidity and barometric pressure). 
4. Check that the water-brake supply valve is open one full turn, and the ball valve is closed. 
5. Turn on the diesel supply valve and set the throttle at the start mark. 
6. Turn on the engine using the key. 
7.  Run engine on diesel for 5 minutes.  
8. Shut off the engine and zero the load cell using the voltmeter. 
9. Restart the engine. 
10. Make sure that there is no air in the fuel line. If there is, open the burette valve until the diesel has 
flowed back to the valve. 
11. When the oil is at the desired temperature, fill the burette. 
12. Verify that the key is removed. 
13. Set the engine at maximum throttle. 
14. Simultaneously close the diesel valve and open the burette valve. 
15. When the fuel reaches the 25cc line of the burette, fill again, and repeat three times before 
running data acquisition.  
16. Make sure the engine speed has stopped increasing. 
17. Fill burette again above the top line. 
18. When fuel reaches the first line of the burette, start the DAQ system. 
19. Immediately open the ball valve on the water supply all the way. 
20. When the burette has emptied 25cc of fuel, stop the DAQ and note the fuel pre-injection 
temperature. 
21. Close the ball valve all the way.  
22. When the engine starts to return to full throttle, repeat steps 13 to 19 if collecting more data, 
otherwise, return the engine to an idle. 
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23. Clean out the remaining vegetable oil from the burette by opening the burette valve until the 
diesel begins to fill the burette, then stopping flow from the diesel tank. When the fuel from the 
burette is consumed, close the burette valve and open the diesel tank valve again. 
24. Run the engine for 3 minutes on diesel fuel with low load and low RPM before shutting off the 
engine. 
25. If this is the last test, make sure to shut off the water supply, the power supplies, the 
thermocouples, and the ventilation system and close the window. 
 
Figure 18 - Engine Operation 
 
Figure 19- Team Preparing for Test 
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4. Results and Analysis 
4.1 Oil Samples 
4.1.1 Filtering 
The ten-micron filter filtered out the majority of the particulate matter. The five-micron and one-micron 
were not necessary filtration steps. This was verified by our centrifugal testing.  
4.1.2 Color 
The visually determined color gradient of our oil samples is shown in Figure 20. Distilled water is used as 
the color reference. 
 
Figure 20 - Oil Samples Arranged by Color 
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4.1.3 Spectrophotometer Analysis 
Each of seven the samples were put through spectrophotometer testing. This measured the amount of light 
absorbed by each of our samples in order to provide qualitative manner of measuring color. Each sample 
was tested with the spectrophotometer and the amount of light that passed through at each wavelength 
was measured and plotted as seen in Figure 21.  The wavelength of 600-700nm was chosen to be studied 
because of the differences in color of the samples. This set of wavelengths has the greatest difference in 
absorbency. This data verifies our visual color gradient. 
 
Figure 21 - Truncated Spectrophotometer Results 
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4.1.4 Centrifuge 
For all of our samples, only the unfiltered oil showed particulate matter. This can be seen at the bottom of 
the sample shown in Figure 22. This leads us to believe that a ten-micron filter removes the majority of 
particulate matter and further filtering is unnecessary.  
 
Figure 22 - Centrifuge Sample 
4.1.5 Density 
The densities of each sample were measured by dividing a measured volume of the oil by the individual 
mass of each sample. The results can be seen in Table 3. 
Table 3 - Density of Oil Samples 
Sample  Density (g/200ml) 
FTP02  .903g/cc 
FTP01  .919g/cc 
BMR01  .925g/cc 
PSK02  .929g/cc 
PSK01  .943g/cc 
TEC01  .948g/cc 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4.2 Run Test Results 
 
The standard mean error for all of our results, excluding brake specific fuel consumption (BSFC), is 
under 0.5%. BSFC had a much larger error, found by using standard mean error calculations which is the 
standard deviation divided by the square root of the number of samples. The error had a maximum of 
15%.  
As shown in Figure 23 and Figure 24, there is no correlation between density and specific fuel 
consumption, power or torque. 
 
Figure 23 - Density vs. Specific Fuel Consumption 
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Figure 24 - Density vs. Power, Torque 
4.3 Temperature tests 
As we conducted the test comparing oil at various temperatures, we found that at room temperature, 
the oil did not readily flow down the burette. It is important to conduct these tests measuring the 
varying oil temperatures because the home user will most likely monitor the oil temperature as opposed 
to the inlet temperature. Depending on conditions injection temperature should rise with oil 
temperatures, the measured values for injection temperatures at each oil temperature are shown in 
Table 5. However, by the time it reached the injectors, it was at 160 degrees Fahrenheit. This is the 
accepted value to which oil should be heated in the “home‐mechanic” group. As shown in Figure 25, no 
correlation between temperature and specific fuel consumption can be made. The standard mean error 
of 19.92% can be attributed to insufficient data collection, during the test only acquiring data for four 
runs and not discarding any outliers, while in the rest of our tests data was acquired for eight runs and 
two outliers were discarded. 
10 
12 
14 
16 
18 
20 
22 
24 
1  2  3  4  5  6 
Po
w
er
 a
nd
 T
or
qu
e 
Samples Arranged by Density 
Average Torque  Average Power 
  33 
 
Table 4 - Oil Temperature vs. Pre Injection Temperature 
Oil Temperature F  Average Pre Injection Temperature F 
80  156 
120  149 
140  157 
160  172 
180  174 
200  180 
 
 
Figure 25 - Temperature vs. Specific Fuel Consumption 
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We did however find that a peak power output occurred when the oil was heated to 160 degrees 
Fahrenheit as shown in Figure 26. This results in an average pre‐injection temperature of 173 degrees 
Fahrenheit. 
 
Figure 26 - Temperature vs. Horsepower 
 
 
Figure 27 - Torque vs. Temperature 
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4.4 Oil opacity comparison 
As shown in Figure 28 and Figure 29 there is no correlation between opacity and specific fuel 
consumption, power or torque. 
 
Figure 28 - Opacity vs. Specific Fuel Consumption 
 
 
Figure 29 - Opacity Vs Torque and Power 
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4.5 Other analysis 
During the tests, it was noticed that the engine was producing very smoky exhaust. This is often an 
indicator of poor performance or an incomplete combustion process. This was verified with our tests. For 
most of our runs, the brake specific fuel consumption was between 420 and 520 grams per kilowatt-hour. 
The maximum accepted value for this engine is 250 g/(Kw*hr). Further tests and analysis were conducted 
to extract more information. During a standard run on diesel fuel, the burette was filmed with a video 
camera. The video was analyzed frame by frame to obtain fuel consumption data with respect to time. 
The results are shown in Figure 30. As expected, there is some variation while the engine is accelerating 
but as the speed stabilizes later in the run, the specific fuel consumption settles around 520 g/Kw*hr. 
 
Figure 30 - Specific Fuel Consumption 
 
The poor performance of the engine is further verified by the calculation of overall engine efficiency. 
Vegetable oil averaged 17.0% efficiency in this engine. Diesel burned at an efficiency of 11.2%. 
According to the engine documentation, the engine should run at no less than 29.3% efficiency on diesel 
fuel.  
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Equation 5 - Total Engine Efficiency 
 
 
Table 5 - Given Values 
Diesel Lower Heating Value 0.0119531 (Kw*hr/g) 
Soy Oil Lower Heating Value 0.010677 (Kw*hr/g) 
Given BSFC value for diesel 583 (g/(Kw*hr)) 
 
Using Table 5 and the values in Equation 5, the theoretical BSFC for vegetable oil was calculated as 319 
g/(Kw*hr) for this engine assuming an efficiency of 29.3%. Assuming a fuel consumption of 25 cc, the 
engine should output 71.89 Watt *hours of energy. The actual calculated value is 42.42 Watt*hours for 
virgin oil. This discrepancy can be attributed to a poorly tuned engine. It is possible that the start of 
injection timing is off, or that the injector was poorly made. 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5. Conclusions 
 
We successfully created a Dynamometer and data acquisition system to monitor the performance of the 
engine. We were able to track the power with a very respectable error of less than 0.5%. We did not find 
any correlation between power output and the opacity of the oil. We did find that when the oil was heated 
to 160 degrees Fahrenheit, there was a slight power increase. We were not able to make any conjectures 
about the relation of temperature or opacity to relative fuel consumption due to a high error percentage. 
This error can be to attributed in part to poor engine performance. In addition, a better fuel temperature 
management system and flow monitoring device would be important to obtain better results. With the 
proper test equipment, the actual values for lower heating value, viscosity and FFA level could be 
obtained. These are valuable pieces of information that can be used to classify the quality of waste 
vegetable oil.
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APPENDIX 
APPENDIX A: Stress Analysis of Dynamometer Frame 
The dynamometer for our engine was built out of 2x2in carbon steel with 1/4in thick walls as 
seen in Appendix A, the properties of this steel can be seen in Appendix B, these properties are shown in 
SI units due to SI being the default unit of the stress analysis program. Steel with these measurements 
was chosen due to the lower cost than that of thinner walls. The thick walls of material caused the 
dynamometer to be significantly overbuilt with a minimum factor of safety of 14 when the entire 252in‐
lb of torque as well the 105lb of the engine is applied to the dynamometer. A displacement analysis was 
run and the resulting maximum displacement of 0.0268in occurring on the side of the dynamometer 
where the water brake is attached. Finally a full stress analysis was run on the model of the 
dynamometer resulting in minimum stresses of 1.24psi and maximum stresses of 598.17psi. The 
dynamometer passes all of the computer‐simulated tests that have been run and is safe to use. 
  B 
Dynamometer Frame Design
 
  C 
Mechanical Properties of Carbon Steel 
Property Name  Value  Units  Value Type 
Elastic modulus  2.1e+011  N/m^2  Constant 
Poisson's ratio  0.28  NA  Constant 
Shear modulus  7.9e+010  N/m^2  Constant 
Mass density  7800  kg/m^3  Constant 
Tensile strength  3.9983e+008  N/m^2  Constant 
Yield strength  2.2059e+008  N/m^2  Constant 
Thermal expansion coefficient  1.3e‐005  /Kelvin  Constant 
Thermal conductivity  43  W/(m.K)  Constant 
Specific heat  440  J/(kg.K)  Constant 
  D 
Factor of Safety Check 
 
 
Static Displacement 
 
  E 
Stresses 
 
 
  F 
APPENDIX  B:  Block Diagram of System 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APPENDIX C: Equipment Specifications and calibration 
 
Voltmeter 
This study used a Beckman model 3050 digital voltmeter as seen in Figure 31. 
 
Figure 31 - Beckman 3050 Voltmeter 
Mass Airflow Sensor 
A hot‐wire style sensor salvaged from a Nissan Pulsar will be used to measure the mass flow of the air 
being drawn into the engine. This sensor outputs a 0‐5 volt signal, which is controlled by the flow of air 
across the sensor element. In order to find the correlation between the velocity of the air and the 
voltage output, the sensor had to be calibrated.  
Materials needed: 
Wind tunnel 
Manometer 
MAF Sensor 
Voltmeter 
12 volt power supply 
Wire 
 
  H 
Procedure: 
1. Create jig to affix sensor to wind tunnel 
2. Wire sensor to power supply and volt meter 
3. Hook up manometer 
4. Start wind tunnel at low speed 
5. Take record measurement from manometer 
6. Repeat step 5 at several velocities in the range of 0‐60 Hz 
7. Record voltage output by sensor at 5 Hz intervals from 0‐60 Hz 
 
Data: 
 
Table 6 - Air Flow Sensor Calibration 
Frequency 
Manometer 
Reading 
(inches) Velocity (measured) 
Velocity 
(calculated) Voltage 
0.00 0.00 0.00 0.00 0.72 
5.00 0.00 0.00 3.94 2.15 
10.00 0.10 6.45 7.87 2.84 
15.00 0.30 11.17 11.81 3.29 
20.00 0.50 14.42 15.74 3.62 
25.00 0.90 19.35 19.68 3.90 
30.00 1.30 23.26 23.61 4.15 
35.00 1.80 27.37 27.55 4.35 
40.00 2.40 31.60 31.48 4.53 
45.00 3.00 35.33 35.42 4.70 
50.00 3.70 39.23 39.35 4.86 
55.00 4.60 43.75 43.29 4.99 
54.00 4.50 43.27 42.50 4.96 
53.00 4.30 42.30 41.71 4.93 
60.00 5.30 46.96 47.22 5.12 
 
 
 
Analysis: 
 
  Using Table 6 the velocity of the air was calculated from the recorded manometer readings. 
Next, the velocity was platted against the frequency of the fan motor. Figure 32 ‐ Velocity vs. Frequency 
represents the best fit trend line for this data.  The Voltage was then plotted against the calculated 
velocity, which is shown in Figure 33. Again, a line was fit to the data. The equation from this, Equation 6 
relates the voltage to the airflow across the sensor. 
  I 
 
 
Figure 32 - Velocity vs. Frequency 
 
Equation 6 - Velocity as a function of Frequency 
        =0.787∗         
 
Figure 33 - Velocity vs Voltage 
Equation 7 - Velocity as a function of Voltage 
        =0.6257 ^3− 2.3614 ^2+5.4672 −2.9746  
  J 
 
Figure 34 - Wind Tunnel 
 
Figure 35 - Mass Airflow Sensor in Wind Tunnel 
 
 
Figure 36 - Voltage Readout 
  K 
Load Cell and Amplifier 
A USB‐25100 load cell, manufactured by HBM, was used to measure the torque of the engine. The signal 
was amplified using a HBM KWS3073 strain gauge amplifier. The apparatus used for the calibration is 
shown in Figure 37. Calibrated masses were hung from the far end of the beam. Figure 38 and Figure 39 
show the force balance of the system.  
 
 
Figure 37 - Load Cell Calibration Apparatus 
 
 
Figure 38 - Free body Diagram of Load Cell 
 
 
  L 
 
 
 
Figure 39 - Mass Balance Equations 
Procedure: 
 
1. Set up the apparatus. 
2. Measure the mass of the beam. 
3. Set the amplifier to the following settings: 
Range: 0.2 mV/V 
Ub: 5V 
Full Wheatstone bridge 
 
4. Zero the voltage readout. 
5. Attach the weight mandrel to the beam and record the corresponding voltage. 
6. Add the weights one at a time, recording the voltage value each time. 
 
Results: 
As Shown in Figure 40, the load cell has a linear response to changes in force. The equation shown in 
Equation 8 was used in the program that analyzed the data. The R2 value for this best fit line is 0.999. 
 
 
Figure 40 - Load Cell Calibration 
y = 9.572x - 0.469 
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 M 
Equation 8 - Load Cell Equation 
 
 
 
RPM sensor 
A Hall‐effect sensor and the circuitry shown in Figure 41 were used to track the speed of the engine. 
 
Figure 41 - Hall Effect Sensor and Circuitry 
  N 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Probe 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Engine 
The engine used in this study is a 10 horsepower single cylinder Diesel engine distributed by Carroll 
Stream Motor Company of Oxford, Michigan. Table lists the specifications of the engine. 
 
Figure 42 - Engine 
  P 
 
Figure 43 Engine Specifications 
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APPENDIX D: Water Brake Exit Orifice 
 
  R 
 
  S 
 
 
 
  T 
HP KW 
Δh 
(KJ/Kg) 
Mass Flow 
(Kg/s) 
Volumetric 
Flow 
Area 
(m^2) 
Diameter 
(m) 
Diameter 
(in) 
0 0 213.11 0 0 0.00E+00 0.000E+00 0.000 
10 7.46 213.11 0.035 3.50E-05 1.43E-05 4.269E-03 0.168 
20 14.91 213.11 0.070 7.00E-05 2.86E-05 6.038E-03 0.238 
30 22.37 213.11 0.105 1.05E-04 4.29E-05 7.395E-03 0.291 
40 29.83 213.11 0.140 1.40E-04 5.73E-05 8.539E-03 0.336 
50 37.28 213.11 0.175 1.75E-04 7.16E-05 9.547E-03 0.376 
60 44.74 213.11 0.210 2.10E-04 8.59E-05 1.046E-02 0.412 
70 52.20 213.11 0.245 2.45E-04 1.00E-04 1.130E-02 0.445 
80 59.66 213.11 0.280 2.80E-04 1.15E-04 1.208E-02 0.475 
90 67.11 213.11 0.315 3.15E-04 1.29E-04 1.281E-02 0.504 
100 74.57 213.11 0.350 3.50E-04 1.43E-04 1.350E-02 0.532 
110 82.03 213.11 0.385 3.85E-04 1.57E-04 1.416E-02 0.557 
120 89.48 213.11 0.420 4.20E-04 1.72E-04 1.479E-02 0.582 
130 96.94 213.11 0.455 4.55E-04 1.86E-04 1.539E-02 0.606 
140 104.40 213.11 0.490 4.90E-04 2.00E-04 1.597E-02 0.629 
150 111.85 213.11 0.525 5.25E-04 2.15E-04 1.654E-02 0.651 
160 119.31 213.11 0.560 5.60E-04 2.29E-04 1.708E-02 0.672 
170 126.77 213.11 0.595 5.95E-04 2.43E-04 1.760E-02 0.693 
180 134.22 213.11 0.630 6.30E-04 2.58E-04 1.811E-02 0.713 
190 141.68 213.11 0.665 6.65E-04 2.72E-04 1.861E-02 0.733 
200 149.14 213.11 0.700 7.00E-04 2.86E-04 1.909E-02 0.752 
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APPENDIX E: Heat Transfer of Oil in the Burette 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APPENDIX F: ORIGINAL DATA SHEETS 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 X 
  Y 
  Z 
 
  
  AA 
  BB 
APPENDIX G: GRAPHICAL RESULTS OF DYNAMOMETER TESTING 
Comparative sample testing 
BMR1 
 
 
BMR2 
 
 
  CC 
BMR3 
 
 
BMR4 
 
   
  DD 
 
BMR1401 
 
  
 
BMR1402 
 
  EE 
 
 
BMR1403 
 
 
BMR1404 
 
  FF 
 
 
BMR1601 
 
 
BMR1602 
 
  GG 
 
BMR1603 
 
 
BMR1604 
 
  HH 
BMR801 
 
 
BMR802 
 
 
 
  II 
 
BMR803 
 
 
BMR804 
 
  JJ 
 
BMR1601NEW 
 
 
BMR1602NEW 
 
 
  KK 
 
BMR1603NEW 
 
 
BMR1604NEW 
 
  LL 
 
BMR1801 
 
 
BMR1802 
 
 
  MM 
BMR1803 
 
 
BMR1804 
 
 
  NN 
BMR2001 
 
 
BMR2002 
 
 
 
  OO 
 
 
BMR2003 
 
 
BMR2004 
 
  PP 
Temperature Testing 
AFTP 
 
 
AFTP02 
 
AFTP03 
 
 
AFTP04 
 
 
 
  QQ 
 
 
 
AFTP05 
 
 
AFTP06 
 
 
AFTP07 
 
AFTP08 
 
  RR 
 
  SS 
 
Temperature Test Results 
Temperature  File Name  Time (s)  Torque (ft‐lb)  Power (Hp)  Energy  BSFC 
80  BMR801  26.01  20.32  11.17  48.75  474 
80  BMR802  25.26  19.83  11.16  47.90  483 
80  BMR803  27.76  20.22  10.76  50.84  455 
80  BMR804  26.46  19.98  11.28  54.05  428 
Average    26.37  20.09  11.09  50.39  470.67 
Standard Dev    1.05  0.22  0.23  2.74  24.32 
Standard Error of the mean    0.47  0.10  0.10  1.22  10.88 
Run Efficiency                19.92% 
120  BMR1  24.51  19.81  11.15  48.17  480 
120  BMR2  25.71  20.09  11.01  46.62  496 
120  BMR3  26.31  20.21  11.35  26.41  498 
120  BMR4  26.76  20.28  11.42  57.43  488 
Average    25.82  20.10  11.23  44.66  494.00 
Standard Dev    0.97  0.21  0.19  13.07  8.23 
Standard Error of the mean    0.44  0.09  0.08  5.84  3.68 
Run Efficiency                19.92% 
140  BMR1401  24.51  19.94  11.44  45.58  507 
140  BMR1402  25.26  20.00  11.49  45.03  514 
140  BMR1403  24.51  19.96  11.50  45.41  509 
140  BMR1404  26.31  20.32  11.69  45.09  513 
Average    25.15  20.06  11.53  45.28  512.00 
Standard Dev    0.85  0.18  0.11  0.26  3.30 
Standard Error of the mean    0.38  0.08  0.05  0.12  1.48 
Run Efficiency                19.92% 
160  BMR1601  23.37  19.78  11.43  48.18  480 
160  BMR1602  23.67  19.78  11.43  48.18  480 
160  BMR1603  23.67  20.06  11.58  44.06  525 
160  BMR1604  24.36  19.93  11.50  44.25  523 
Average    23.77  19.89  11.49  46.17  502.00 
Standard Dev    0.42  0.13  0.07  2.33  25.42 
Standard Error of the mean    0.19  0.06  0.03  1.04  11.37 
Run Efficiency                19.92% 
160  BMR1601NEW  22.47  20.17  11.77  46.36  499 
160  BMR1602NEW  23.37  20.31  11.72  46.04  502 
160  BMR1603NEW  24.36  20.34  11.75  46.29  500 
160  BMR1604NEW  24.06  20.34  11.78  45.79  505 
Average    23.57  20.29  11.76  46.12  501.50 
Standard Dev    0.84  0.08  0.03  0.26  2.65 
  TT 
Standard Error of the mean    0.38  0.04  0.01  0.12  1.18 
Run Efficiency                19.92% 
180  BMR1801  22.17  20.13  11.58  45.41  509 
180  BMR1802  23.22  20.19  11.64  44.31  522 
180  BMR1803  23.52  20.20  11.69  44.51  519 
180  BMR1804  23.91  20.20  11.68  44.95  514 
Average    23.21  20.18  11.65  44.80  516.00 
Standard Dev    0.75  0.03  0.05  0.49  5.72 
Standard Error of the mean    0.33  0.02  0.02  0.22  2.56 
Run Efficiency                19.92% 
200  BMR2001  23.07  20.02  11.66  45.59  507 
200  BMR2002  23.67  20.07  11.70  45.18  512 
200  BMR2003  24.06  20.11  11.66  44.18  523 
200  BMR2004  24.36  20.23  11.64  44.18  523 
Average    23.79  20.11  11.67  44.78  516.25 
Standard Dev    0.56  0.09  0.03  0.72  8.06 
Standard Error of the mean    0.25  0.04  0.01  0.32  3.60 
Run Efficiency                19.92% 
 
 
 
 
 
 
 
 
 
 
 
  UU 
Opacity Test Results 
Fuel Sample  File Name  Time (s)  Torque (ft‐lb)  Power (Hp)  Energy  BSFC 
FTP01  AFTP01  26.46  20.97  11.82  44.11  521 
FTP01  AFTP02  27.21  20.95  11.70  40.93  523 
FTP01  AFTP03  27.21  20.82  11.58  42.10  546 
FTP01  AFTP04  27.51  20.87  11.54  41.42  555 
FTP01  AFTP05  27.21  20.61  11.48  41.02  560 
FTP01  AFTP06  26.91  20.54  11.50  40.73  564 
FTP01  AFTP07  27.36  20.70  11.47  41.87  549 
FTP01  AFTP08  27.60  20.60  11.54  41.70  551 
  Average  27.24  20.79  11.58  41.51  547.33 
  Standard Dev  0.20  0.15  0.12  0.47  15.99 
  Standard Error of the mean  0.09  0.07  0.05  0.21  7.15 
  Run efficiency              17.13% 
PSK02  APSK01  27.66  20.63  11.44  42.27  544 
PSK02  APSK02  27.51  20.94  11.71  43.38  530 
PSK02  APSK03  27.06  20.83  11.67  42.68  538 
PSK02  APSK04  27.40  20.73  11.58  42.23  544 
PSK02  APSK05  27.21  20.84  11.66  42.62  539 
PSK02  APSK06  27.21  20.87  11.56  41.94  548 
PSK02  APSK07  27.21  20.87  11.58  41.74  550 
PSK02  APSK08  27.51  20.99  11.60  42.15  552 
  Average  27.30  20.87  11.62  42.47  542.17 
  Standard Dev  0.17  0.08  0.06  0.56  8.21 
  Standard Error of the mean  0.08  0.04  0.03  0.25  3.67 
  Run efficiency              17.29% 
Virgin Oil  AVIRGIN1  28.36  20.85  11.55  40.16  573 
Virgin Oil  AVIRGIN2  28.51  21.10  11.53  40.53  567 
Virgin Oil  AVIRGIN3  28.81  20.69  11.49  40.12  573 
Virgin Oil  AVIRGIN4  28.36  21.56  11.55  39.66  580 
Virgin Oil  AVIRGIN5  28.06  21.31  11.61  40.91  562 
Virgin Oil  AVIRGIN6  28.21  21.16  11.56  39.75  579 
Virgin Oil  AVIRGIN7  27.21  20.34  11.52  40.96  562 
Virgin Oil  AVIRGIN8  24.51  20.29  11.32  35.28  652 
  Average  28.12  20.91  11.53  40.32  582.67 
  Standard Dev  0.47  0.36  0.03  0.52  34.66 
  Standard Error of the mean  0.21  0.16  0.01  0.23  15.50 
  Run efficiency              16.09% 
Diesel  ENDDIESEL1  29.56  20.72  11.48  45.63  466 
Diesel  ENDDIESEL2  28.66  20.35  11.45  44.42  478 
Diesel  ENDDIESEL3  29.11  20.41  11.42  44.61  476 
Diesel  ENDDIESEL4  28.81  20.37  11.42  44.72  475 
  VV 
Diesel  vdiesel1  30.31  21.36  11.55  49.25  431 
Diesel  vdiesel2  29.86  20.87  11.45  47.25  450 
Diesel  vdiesel3  29.71  21.61  11.36  46.71  455 
Diesel  vdiesel4  29.41  20.34  11.38  48.72  436 
Diesel  vdiesel5  31.75  21.00  11.23  47.18  450 
Diesel  vdiesel6  31.21  20.66  11.04  45.75  464 
Diesel  vdiesel7  31.51  21.33  11.58  45.44  468 
Diesel  vdiesel8  29.56  20.84  11.53  46.41  458 
Diesel  vdiesel9  29.26  20.35  11.52  46.18  460 
Diesel  vdiesel10  28.51  20.40  11.56  46.36  458 
  Average  29.80  20.76  11.43  46.61  456.00 
  Standard Dev  1.04  0.43  0.15  1.01  9.78 
  Standard Error of the mean  0.46  0.19  0.07  0.45  4.37 
  Run efficiency              11.23% 
PSK01  VPSK1  28.36  21.68  11.91  41.91  582 
PSK01  VPSK2  28.66  21.40  11.78  41.74  564 
PSK01  VPSK3  28.81  21.68  11.87  41.64  566 
PSK01  VPSK4  26.76  20.99  11.76  42.30  557 
PSK01  VPSK5  26.91  11.86  11.86  43.22  545 
PSK01  VPSK6  26.31  20.77  11.79  43.06  547 
PSK01  VPSK7  26.61  20.68  11.73  42.92  549 
PSK01  VPSK8  26.16  20.85  11.79  42.70  552 
  Average  27.32  21.15  11.81  42.42  555.50 
  Standard Dev  1.10  0.43  0.06  0.62  12.44 
  Standard Error of the mean  0.49  0.19  0.03  0.28  5.56 
  Run efficiency              16.88% 
TECH01  VTECH1  28.06  20.86  11.62  42.52  557 
TECH01  VTECH2  27.21  20.90  11.71  42.52  557 
TECH01  VTECH3  27.51  20.85  11.75  42.28  560 
TECH01  VTECH4  27.91  20.93  11.74  42.00  564 
TECH01  VTECH5  27.66  20.58  11.54  41.70  568 
TECH01  VTECH6  27.36  20.51  11.53  41.23  575 
TECH01  VTECH7  27.21  20.60  11.56  41.37  573 
TECH01  VTECH8  27.51  20.63  11.56  41.88  566 
  Average  27.55  20.76  11.63  41.96  564.67 
  Standard Dev  0.31  0.15  0.09  0.41  6.85 
  Standard Error of the mean  0.14  0.07  0.04  0.18  3.06 
  Run efficiency              16.60% 
BMR01  VBMR1  27.76  22.01  12.05  42.63  542 
BMR01  VBMR2  28.21  21.70  12.00  42.83  540 
BMR01  VBMR3  28.51  22.00  11.89  41.66  555 
BMR01  VBMR4  27.21  22.12  11.82  41.23  561 
  WW 
BMR01  VBMR5  27.76  21.62  11.92  42.53  544 
BMR01  VBMR6  28.81  22.02  11.99  42.83  540 
BMR01  VBMR7  29.86  22.35  11.95  41.79  553 
BMR01  VBMR8  27.06  21.19  11.82  42.11  549 
  Average  28.15  21.97  11.93  42.03  550.33 
  Standard Dev  0.92  0.25  0.08  0.60  7.78 
  Standard Error of the mean  0.41  0.11  0.04  0.27  3.48 
  Run efficiency              17.03% 
FTP02  AFTP0201  27.91  20.78  11.46  40.73  554 
FTP02  AFTP0202  27.91  21.10  11.57  41.24  547 
FTP02  AFTP0203  27.06  20.73  11.52  43.04  524 
FTP02  AFTP0204  27.06  21.01  11.67  43.30  521 
FTP02  AFTP0205  27.91  21.05  11.60  43.44  520 
FTP02  AFTP0206  26.46  20.86  11.60  40.80  553 
FTP02  AFTP0207  27.76  20.83  11.57  43.21  522 
FTP02  AFTP0208  27.36  20.79  11.56  42.90  526 
  Average  27.43  20.89  11.58  42.86  526.67 
  Standard Dev  0.54  0.14  0.05  1.19  15.12 
  Standard Error of the mean  0.24  0.06  0.02  0.53  6.76 
  Run efficiency              17.80% 
 
  XX 
APPENDIX H: TEST SAMPLE INFORMATION 
Sample Name  Sample Source 
BMR  Boomer’s Pizzeria, Highland Street, Worcester, MA 
FTP01  Fantastic’s Pizza, Main Street, Worcester, MA 
FTP02  Fantastic’s Pizza, Main Street, Worcester, MA 
PSK01  Phi Sigma Kappa Fraternity, Dean Street, Worcester, MA 
PSK02  Phi Sigma Kappa Fraternity, Dean Street, Worcester, MA 
Tech01  Tech Pizza, Highland Street, Worcester, MA 
Virgin  Unused Oil from Tau Kappa Epsilon Fraternity,  Wachusett Street, Worcester, MA 
  YY 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